Introduction
Circulating levels of free fatty acids (FFAs) are often elevated in obese subjects (Fraze et al. 1985 , Staaf et al. 2016 . Such accentuated FFA concentrations contribute to hyperinsulinemia at fasting glucose concentrations and higher insulin levels in response to a glucose challenge (Staaf et al. 2016) . In some subjects with long standing obesity, prolonged hyperinsulinemia leads to exhaustion of beta-cells, insufficient secretion of insulin and development of type 2 diabetes mellitus (T2DM) (Felber et al. 1988 , Golay & Ybarra 2005 . In line with this, experiments on isolated human islets showed that the fatty acid palmitate treatment accentuates glucosestimulated insulin secretion (GSIS) at earlier time points and causes beta-cell dysfunction after prolonged palmitate exposure (Kristinsson et al. 2013 , Staaf et al. 2016 , Roomp et al. 2017 . The effects of fatty acids on insulin secretion have been linked with alterations in insulin biosynthesis and exocytosis (Björklund & Grill 1999 , Kelpe et al. 2003 , mitochondrial function (Carlsson et al. 1999) , glucose metabolism (Zhou & Grill 1994) , production of reactive oxygen species and ceramides (Carlsson et al. 1999 , Manukyan et al. 2015 , endoplasmic reticulum (ER) function (Karaskov et al. 2006 and G protein-coupled receptor signaling (Itoh et al. 2003 , Kristinsson et al. 2013 . Currently, metformin is recommended as the first-line oral drug for the treatment of T2DM (Chamberlain et al. 2017) with clear benefits in relation to glucose metabolism and diabetes-related complications (Holman et al. 2008) . One of the main effects of the drug is to decrease hepatic glucose production, mostly through a mild and transient inhibition of mitochondrial respiratory chain complex I (Viollet et al. 2012) . In addition, studies on rat and human islets have provided evidence that metformin has effects on the insulin-producing beta-cells. However, whereas some studies report that metformin restores insulin secretion altered by chronic exposure to high levels of FFAs (Lupi et al. 1999 , Patanè et al. 2000 , others show deleterious effects of metformin on beta-cells (Hinke et al. 2007 , McKiney et al. 2010 , Jiang et al. 2014 . Thus, it remains controversial to what extent metformin has direct beneficial effects on beta-cells.
Here, we investigated how metformin influences increased insulin secretion after short-term and decreased insulin secretion after long-term exposure of isolated human islets to elevated levels of palmitate. In addition, we investigated the involvement of various mechanisms such as mitochondrial metabolism, AMPK phosphorylation, ER stress response and apoptosis in metformin-mediated effects.
Materials and methods

Human islet culture
Human islets were obtained from the Nordic Network for Clinical Islet Transplantation (Uppsala University Hospital, Uppsala, Sweden). Human islets from braindead non-diabetic donors were used in this study. Human islets were cultured in CMRL 1066 medium (Invitrogen) containing 5.5 mM glucose (Sigma-Aldrich) and supplemented with 10% fetal bovine serum (Invitrogen), 1% glutamine (Invitrogen), 100 units/mL penicillin (Invitrogen) and 100 μg/mL streptomycin (Invitrogen) at 37°C in humidified air containing 5% CO 2 . Human islets were treated within 10 days after isolation. Ethical permission to use human islets isolated from human donors has been obtained from the Regional Ethical Review Board in Uppsala (EPN number 2010/006; 2010-02-10) .
Fatty acid and metformin treatment of human islets
Palmitate (Sigma-Aldrich) was prepared by dissolving in 50% ethanol to make a stock solution with a concentration of 100 mM. The stock solution was then diluted in incubation medium containing 5 mg/mL fatty acid-free BSA (Boehringer Mannheim GmbH, Germany) to a final concentration of 0.5 mM. Palmitate was allowed to complex with BSA at 37°C for at least 30 min. Metformin (Sigma-Aldrich) was prepared in 2 mM stock in distilled water and diluted in incubation medium to a final concentration as stated.
For metformin dose-dependent experiments, human islets were cultured in the absence or presence of 10, 15, 25 or 100 μM metformin for 7 days. GSIS, insulin content and AMPK phosphorylation were measured after treatment.
Human islets were exposed to 0.5 mM palmitate in the absence or presence of 25 μM metformin for 0, 2 days or 7 days. Human islets were also cultured in the absence or presence of 25 μM metformin alone for 0, 2 days or 7 days. GSIS, insulin content, oxygen consumption rate (OCR), AMPK phosphorylation, ER stress (p-eIF2a and CHOP), sorcin and cleaved caspase-3 protein expression were measured after treatment.
Between four and nine biological replicates (donors) were used for each set of experiments.
GSIS and insulin content from human islets
Human islets were perifused as described previously (Bergsten 1995) . Briefly, around 15 human islets were hand-picked and placed into a perifusion chamber. Islets were perifused for 60 min at 37°C in KRBH buffer supplemented with 1mg/mL BSA and 2 mM glucose. After this initial perifusion period, samples were collected every 5 min for 20 min at the same concentration of glucose. This was followed by another 20-min perifusion with the same buffer containing 1 mg/mL BSA and 20 mM glucose. Perifusates were collected at 2, 4, 6, 10, 15 and 20 min. The perifusion rate was 170 μL/min and collected perifusates were used to measure the amounts of secreted insulin. After perifusion, islets were washed with Dulbecco's Phosphate-Buffered Saline (DPBS) and lysed in DPBS containing 1% Triton X-100 (Sigma-Aldrich). Lysates were used for measurements of insulin content and protein content.
The amount of secreted insulin and insulin content were measured by enzyme-linked immunosorbent assay as described previously (Bergsten & Hellman 1993) . Total protein content in the lysates was determined by DC protein assay according to manufacturer's instructions (Bio-Rad). For each perifusion, total insulin secretion during 20 mM glucose was normalized to total protein content. Insulin content was also normalized to total protein content. Insulin secretion and insulin content were expressed as fold change between treated and untreated islets for each donor.
Measurement of mitochondrial function
OCR of isolated human islets was determined by Extracellular Flux Analyzer XF e 96 (Seahorse Bioscience, MA, USA) as previously reported (Cen et al. 2016) . Ten hand-picked human islets were placed into the wells of the XF e 96 cell culture microplate pre-coated with 3% ECM gel (Sigma-Aldrich) and 5 μg/mL fibronectin (Sigma-Aldrich). Islets were pre-incubated with assay medium containing 5.5 mM glucose (pH adjusted to 7.4) for 1 h at 37°C in the air before the microplate was inserted into the Analyzer. For each donor, 6-8 replicates of each treatment condition were used. OCR was then measured for 40 min. The proportions of respiration driving ATP synthesis and proton leak were determined by blocking ATP synthase by injection of 5 μM oligomycin (Sigma-Aldrich). Subsequently, 5 μM of the uncoupler cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (Sigma-Aldrich) was added to determine the maximal respiratory capacity. Lastly, 5 μM rotenone (Sigma-Aldrich) and 5 μM antimycin A (Sigma-Aldrich) were added together to block transfer of electrons from complex I and complex III of the respiratory chain to measure the remaining nonmitochondrial-dependent respiration. To calculate the mitochondrial respiration, non-mitochondrial OCR was subtracted from the total OCR. Extracellular acidification rate (ECAR) was measured in parallel and calculated under 5.5 mM glucose treatment. Data were normalized to total islet area calculated by the ImageJ software (National Institutes of Health) from pictures (40×) taken with camera (Olympus) mounted onto an inverted Olympus CKX41 microscope (Olympus).
Protein expression
Expression of specific proteins in human islets was determined by western blot analysis. Samples were prepared by washing the human islets with DPBS for 5 times followed by sonicating in DPBS containing 1% Triton X-100 and protease inhibitory cocktail (Sigma Aldrich) on ice. After lysing, samples were centrifuged and the protein concentration was measured by DC protein assay (Bio-Rad). Then, the samples were electrophoresed and transferred onto PVDF-membrane (Bio-Rad) as described previously . 
Statistical analysis
Results were presented as means ± s.e.m. Statistical analysis was performed using GraphPad Prism Version 6.0c (GraphPad software). Statistical significance among several groups was analyzed by using one-way ANOVA followed by Holm-Sidak multiple comparison test. P < 0.05 was considered statistically significant.
Results
Effect of metformin on GSIS and insulin content from isolated human islets exposed to palmitate GSIS and intracellular insulin content were measured from isolated human islets cultured in the presence of palmitate for 0, 2 and 7 days. Palmitate caused timedependent changes in GSIS and insulin content as previously demonstrated (Staaf et al. 2016) . Compared with control islets, GSIS was almost doubled after culturing in the presence of palmitate for 2 days (Fig. 1A and B) . After 7-day exposure to palmitate, GSIS was reduced to approximately 50% of the control level. Insulin content was reduced by 25% after 2-day and 75% after 7-day exposure to palmitate, respectively (Fig. 1C) .
Next, we investigated whether metformin influenced insulin secretion and insulin content from human islets exposed to or not to elevated levels of palmitate for 2 and 7 days. In the study, we used 25 µM metformin, a concentration that has been optimized in preliminary experiments ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article). Inclusion of 25 μM metformin during 2-day palmitate exposure reduced insulin secretion to control level ( Fig. 1A and B) . When metformin was included during 7-day palmitate culture, insulin secretion was significantly increased reaching the control level ( Fig. 1A and B) . When insulin content was measured in the presence of metformin, we observed no changes after 2-day treatment but more than 2-fold increase after 7-day treatment compared to corresponding treatment with palmitate alone (Fig. 1C) . In the absence of palmitate, metformin did not affect insulin secretion after 2 days but reduced the level by around 20% compared with control islets after 7 days (Supplementary Fig. 2A and B) .
Effect of metformin on mitochondrial metabolism of palmitate-treated human islets
We have previously demonstrated that palmitate can enhance mitochondrial function in human islets and beta-cells (Kristinsson et al. 2015 , Cen et al. 2016 . On the other hand, it is known that metformin can inhibit mitochondrial respiration chain complex I (Viollet et al. 2012) . Therefore, we examined how the drug affected mitochondrial function in fatty acidtreated islets. Palmitate alone caused a 65% rise in OCR after 2 days ( Fig. 2A and B) . The rise was mainly due to changes in ATP-coupled OCR and not proton leak OCR (Fig. 2C and D) . Also, maximal OCR, gained from the introduction of FCCP, was increased by 20% (Fig. 2E) . When metformin was also included during culture with palmitate, mitochondrial OCR was decreased to control level ( Fig. 2A and B) . The effect was due to inhibition of ATP-coupled OCR. Maximal OCR was also normalized (Fig. 2E) . After 7-day exposure to palmitate, there was no significant difference in mitochondrial OCR compared with control islets ( Fig. 2A and B) . Maximal OCR was attenuated to 70% of control level, however (Fig. 2E) . Inclusion of metformin during 7-day palmitate culture showed no effect on mitochondrial OCR but restored maximal respiration rate (Fig. 2E) . ECAR, an indicator of Figure 1 Effect of metformin on GSIS and insulin content from human islets exposed to palmitate. Human islets were cultured in the absence (C) or presence of palmitate (P) with or without metformin (M) for 2 days (P_2d, P+M_2d) and 7 days (P_7d, P+M_7d). After culture, human islets were perifused for 1 h with 2 mM glucose (G2) followed by 20 min of perifusion with 20 mM glucose (G20). Representative graphs are shown (Panel A). Total insulin secretion at 20 mM glucose during 20 min was calculated, normalized to protein and expressed as fold control (Panel B). After perifusion, islets were lysed and insulin content was normalized to total protein content and expressed as fold control (Panel C). Results are means ± s.e.m. of 6-7 donors. *P < 0.05 vs C; # P < 0.05 vs P at the corresponding time point. glycolysis, was not affected by palmitate irrespective of the absence or presence of metformin (Fig. 2F) . Metformin alone showed no effect on OCR after 2 days but slightly decreased it after 7 days ( Supplementary Fig. 2D , E and F). ECAR was slightly decreased both after 2 and 7 days of metformin treatment alone ( Supplementary Fig. 2I ).
Effect of metformin on phosphorylation of AMPK in palmitate-treated human islets
Long-term palmitate exposure has been linked to decreased phosphorylation of AMPK in beta-cells (Sun et al. 2008) . Metformin increases AMP/ATP ratio, which leads to increased phosphorylation and activation of AMPK (El-Mir et al. 2000) . Thus, we investigated how palmitate alone and in combination with metformin affects the phosphorylation of AMPK in human islets.
Human islets cultured with palmitate for 2 days showed no effect on p-AMPK/AMPK (Fig. 3) . Surprisingly, addition of metformin had no effect on p-AMPK/AMPK ratio after 2-day palmitate treatment. When human islets were cultured with palmitate for 7 days, p-AMPK/AMPK was reduced by ~50% compared with the control islets (Fig. 3) . The addition of metformin in the presence of palmitate restored this ratio to the control level after 7 days. When islets were cultured in the presence of metformin alone, rise in AMPK phosphorylation was observed both after 2-and 7-day exposure to metformin ( Supplementary Fig. 2J ).
Effect of metformin on ER stress and apoptosis in palmitate-treated human islets
Long-term exposure to saturated fatty acids causes ER stress and apoptosis in beta-cells (Sargsyan et al. 2008) . Metformin has been shown to protect beta-cells and human pancreatic islets against lipotoxicity (Lupi et al. 2002 , Marchetti et al. 2004 . We explored whether metformin attenuates the ER stress response and apoptosis in palmitate-treated human islets. ER stress markers, p-eIF2α, CHOP, calcium-binding protein, sorcin and apoptosis marker, cleaved caspase-3, were measured by western blot after 2-and 7-day treatments. After 2 days, Figure 2 Effect of metformin on mitochondrial metabolism in human islets exposed to palmitate. Human islets were cultured in the absence (C) or presence of palmitate (P) with or without metformin (M) for 2 days (P_2d, P+M_2d) and 7 days (P_7d, P+M_7d). After culture, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured. OCR from a representative experiment, where each point is a mean ± s.e.m. Effect of metformin on phosphorylation of AMPK in human islets exposed to palmitate. Human islets were cultured in the absence (C) or presence of palmitate (P) with or without metformin (M) for 2 days (P_2d, P+M_2d) and 7 days (P_7d, P+M_7d). After culture, human islets were lysed, and the levels of p-AMPK and AMPK were measured by western blotting. p-AMPK/AMPK ratio was calculated and expressed as fold control. Results are mean ± s.e.m. of nine donors. *P < 0.05 vs C; # P < 0.05 vs P_7d.
palmitate caused no significant changes in the expression of ER stress markers p-eIF2α and CHOP but increased the Ca 2+ -binding protein sorcin to 3-fold compared with the control human islets (Fig. 4A, B, and C) . Cleaved caspase-3 levels were not affected by palmitate in islets exposed to palmitate for 2 days (Fig. 4D) . When metformin was included, p-eIF2α and CHOP were not affected, but sorcin levels were reduced to 1.7-fold in islets exposed to palmitate for 2 days (Fig. 4A, B, and C) . Cleaved caspase-3 levels were not affected by metformin (Fig. 4D) . After 7 days, protein levels of ER stress markers p-eIF2α, CHOP and sorcin were ~1.7-fold in islets cultured in the presence of palmitate compared to control islets. Cleaved caspase-3 levels were significantly increased by palmitate (Fig. 4D) . When metformin was included during culture expression, levels of p-eIF2α and CHOP were reduced to levels observed in control islets but sorcin levels were increased to three-fold. The elevated cleaved caspase-3 levels were normalized by metformin in islets cultured for 7 days in the presence of palmitate (Fig. 4D) . Metformin alone did not cause any significant changes in the expression levels of p-EIF2α, sorcin and active caspase-3 but slightly decreased expression of CHOP after 7-day treatment ( Supplementary Fig. 2K , L, M and N).
Discussion
Metformin is one of the major drugs, which is used for treatment of patients with T2DM, in particular overweight and obese individuals (Inzucchi et al. 2015 , Chamberlain et al. 2017 . The drug has beneficial effect on improving not only blood glucose concentration (Holman et al. 2008) , but also lipid profiles (Pentikäinen et al. 1990 ). However, knowledge about the precise molecular mechanism of action of metformin is still limited. Moreover, the direct effect of metformin on beta-cells is still controversial. In the present study, we investigated the effect of metformin on isolated human islets exposed to high levels of palmitate for short and long time periods.
We used 25 μM metformin since at this concentration the drug mildly decreased GSIS but did not affect intracellular insulin content after 7-day culture suggesting that the concentration is effective but not toxic. In addition, this concentration is around the reported plasma concentrations of metformin (8-24 μM) in humans treated with metformin (Tucker et al. 1981 , Gormsen et al. 2016 . We discovered that metformin normalized both the increased insulin secretion observed after 2-day palmitate treatment and the decreased insulin secretion observed after 7-day palmitate treatment. These findings raised the Effect of metformin on endoplasmic reticulum (ER) stress and apoptotic markers in human islets exposed to palmitate. Human islets were cultured in the absence (C) or presence of palmitate (P) with or without metformin (M) for 2 days (P_2d, P+M_2d) and 7 days (P_7d, P+M_7d). After culture, expression of ER stress markers, p-eIF2α (Panel A), CHOP (Panel B), calcium-binding protein, sorcin (Panel C), and apoptotic marker, cleaved caspase-3 (Panel D), were determined by Western blot. Protein levels were normalized to β-actin and expression as fold control. Results are means ± s.e.m. of 4-6 donors. *P < 0.05 vs C; # P < 0.05 vs P_7d. question about the potential mechanisms behind these effects. We hypothesized that changes in mitochondrial metabolism, AMPK phosphorylation, ER stress response and apoptosis, which are known to be affected by fatty acids and metformin, were implicated in the observed beneficial effects of the drug.
It is known that metformin exerts a mild and reversible effect on mitochondrial respiratory chain complex I, which results in reduced ATP production (Owen et al. 2000 , Zhou et al. 2001 . At the same time, we and others have previously reported that palmitate alters mitochondrial metabolism both after short-and long-term exposure of beta-cells or human islets to fatty acids (Patanè et al. 2000 , Kristinsson et al. 2015 , Cen et al. 2016 . Therefore, as a first step, we examined how metformin affects mitochondrial metabolism in palmitate-treated human islets. In line with our previous findings (Kristinsson et al. 2015 , Cen et al. 2016 , palmitate increased mitochondrial respiration after 2-day culture. Considering the importance of ATP generation in the regulation of insulin secretion, the detected effects of palmitate on mitochondrial metabolism may explain increased GSIS after 2-day culture with palmitate. Metformin affected human islets exposed to palmitate by inhibiting ATP-coupled OCR (but not proton leak OCR) after 2-day palmitate exposure suggesting that reduced generation of ATP is a potential mechanism of how metformin lowers GSIS. Importantly, the metformin concentration chosen did not affect OCR after culturing the islets for 2 days in the absence of palmitate. After 7-day palmitate treatment, ATP generation was not different from control human islets. Instead, the fatty acid altered the maximal respiration capacity. Presence of metformin during 7-day palmitate exposure did not affect ATP generation but improved the maximal respiration capacity. Nevertheless, absence of changes in ATP generation after 7 days suggests that mitochondria do not play a direct role in the observed effects of palmitate and metformin on insulin secretion after 7 days. As expected, in islets cultured for 7 days in the presence of metformin alone, OCR was mildly reduced (Owen et al. 2000 , Zhou et al. 2001 .
Changes in ATP generation is anticipated to affect the activity of AMP-activated protein kinase (AMPK), a protein that plays an important role in sensing cellular energy and controlling metabolic homeostasis (Owen et al. 2000 , Zhou et al. 2001 . It has been reported that acute exposure of beta-cells to palmitate induces AMPK activation and augments insulin secretion, whereas chronic palmitate exposure attenuates phosphorylation of AMPK and decreases GSIS (Wang et al. 2007 , Sun et al. 2008 . However, the role of AMPK in beta-cells under chronic lipotoxicity is poorly understood. In our study, islets exposed to palmitate and metformin for 2 days showed no effects on phosphorylation of AMPK. After 7 days, AMPK phosphorylation was significantly diminished in islets exposed to palmitate alone but restored when metformin was also present. The fact that changes in insulin secretion from islet exposed to palmitate and metformin follow the changes in AMPK phosphorylation after 7 but not 2 days suggests that this mechanism plays an important role in regulation of GSIS from human islets after prolonged exposure to the fatty acid. Why changes in ATP generation observed after 2 days are conversed into changes in phosphorylation of AMPK only after 7 days remains to be investigated. In the absence of palmitate, the drug caused significant rise in AMPK phosphorylation, which is in agreement with previous studies on beta-cell lines and human skeletal muscles (Musi et al. 2002 , Jiang et al. 2014 .
Another mechanism of how fatty acids affects betacells function is the increase in ER stress and apoptosis in beta-cells (Sargsyan et al. 2008 , Kristinsson et al. 2013 , Staaf et al. 2016 . Metformin has been shown to attenuate palmitate-induced ER stress and apoptosis in rat betacells (Simon-Szabó et al. 2014) . After 2-day exposure of human islets to palmitate, there were no changes in the expression level of pro-apoptotic markers of ER stress response, phosphorylated eIF2a and CHOP; and inclusion of metformin did not affect their expression levels. After 7-day palmitate treatment, the markers of ER stress and apoptosis were upregulated in the absence and normalized in the presence of metformin, which was in line with the previous study (Simon-Szabó et al. 2014) . We have previously demonstrated that one of the major mechanisms behind palmitate toxicity is inadequate activation of adaptive pathways of ER stress response . Stimulation of adaptive mechanisms protected beta-cells from palmitate-induced ER stress and apoptosis . Therefore, here we also measured the levels of sorcin, a Ca 2+ -binding protein that relocates calcium from the cytoplasm to the ER and, in such way, protects cells from ER stress (Maki et al. 2002 , Marmugi et al. 2016 . The substantial increase of sorcin after 2-day palmitate culture of human islets reflects an adaptation against palmitate-induced ER stress (Cunha et al. 2008) . But this compensatory effect failed in a long-term period resulting in upregulation of ER stress makers. The introduction of metformin during palmitate culture delayed the development of ER stress and, as a result, the adaptive effects were also postponed. Our data indicate that the reduction in ER stress and apoptosis by metformin treatment may contribute to restoration of insulin secretion and intracellular insulin content from human islets after 7-day culture with palmitate.
In conclusion, our study demonstrates that metformin prevents early insulin hypersecretion and later decrease in insulin secretion from palmitate-treated human islets by utilizing different mechanisms.
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